A historic profile of endophyte-induced tall fescue toxicosis is presented. A chronology of events is presented, beginning with the importance of finding Balansia-infected grasses in a tall fescue pasture in north central Georgia. This initial finding was followed by the discovery that another related endophyte was present in tall fescue and other major forage grasses. This species of endophyte was identified as Acremonium coenophialum. After this report was the important discovery that cattle performance was poor on Acremonium-infected tall fescue. Thus, this endophyte and its presence in tall fescue was implicated as the cause of tall fescue toxicosis and fescue foot. It was later established that this endophyte also produced ergot alkaloids. The related endophyte of perennial ryegrass, A. lolii, was subsequently shown to be responsible for the ryegrass staggers syndrome. Several other species of Acremonium have been associated with other important forage and turf grasses.
Introduction
The culture of grasses and their importance to livestock were recognized during the very early periods of human civilization. It was also recognized during this early period of agriculture that several grasses were toxic t o livestock and humans. The purpose of this review is to present the chronology of events that led to the research conclusions that Acremonium was the cause of tall fescue toxicosis. Additionally, basic concepts are profiled that developed from studies initially aimed at removing the toxic entity but which instead established that this grass and its endophytes are the result of an evolutionary and ecologically significant association. This association produces animal toxicoses and performance problems of livestock on one hand, and on the other J. h i m . Sci. 1995. 73:861-870 indicates that endophyte-infected grasses may be used €or desirable traits, some of which can be separated from the fungal component with the ultimate desire of transferring them into the basic grass genome. There have been several reviews covering the subject of tall fescue and its endophyte and only a few have considered the historic accounts leading to the revelation that an endophytic fungus might be the origin of grass toxicity. Because I was involved with much of the mycological work during the early phases leading up to the association of an endophyte with tall fescue toxicosis, I was requested to discuss events that led to this discovery. This historic account is intended to clarify other historic accounts on this subject, highlight those research results that first established the endophyte as the source of toxicity, and to discuss the relevant literature on possible solutions t o the problems of grass toxicity.
history. The earliest written record of forage grass toxicoses due to endophytes dates back to the biblical periods, approximately 50 A.D. (Matthew 13:25-401, in which the fungus seed of darnel (tares), Lolium terndenturn L. (Moldenke and Moldenke, 19521 , was indicated as being a noxious and toxic weed that caused problems for animals and humans. However, darnel toxicosis must have dated back to prerecorded time; darnel seed from 4,000-yr-old archeological materials of ancient Egypt contained the fungus (Tackholm and Tackholm, 1941) . The involvement of L. temulentum in animal toxicoses has been reviewed by Leemann ( 1933 ) . Today we know that darnel seed contains an endophytic fungus (Freeman, 1904; Pammel, 1920; Sampson, 1935; Shaw and Muth, 1949 ) that was assumed by many to be the result of a n ergot (i.e., a CZauiceps species). However, this is not the case, because this fungus is an unidentified species of endophyte, probably related to the Lolium endophyte (Latch et al., 1984) .
The Period of Grass Toxicoses with Unknown Etiologies
Present-day studies of toxic tall fescue and perennial ryegrass were facilitated by earlier studies on toxicoses and poor performance of livestock when they grazed specific grasses, particularly studies on the toxicity of tall fescue. Tall fescue (Festuca arundinacea Schreber) is a wind-pollinated, highly selfinfertile, polyploid, cool-season perennial forage, conservation, and turfgrass species. This grass is a highly adaptive species of a relatively large genus that probably originated in western Europe. The high adaptive potential of tall fescue may be due, partially, t o its polyploidy, and as the discussion below will indicate, an interaction with its endophytic fungus. The early history of tall fescue as an excellent forage species in the United States is paralleled by documentation that this grass was toxic to cattle. The selection of tall fescue that we refer to as 'Kentucky 31' was released in 1942 in the United States as the ecotype 'G131' (Buckner, personal communication, 19941 , and in 1948, some 6 yr later, fescue foot, a crippling disease of cattle resembling ergotism, was described in New Zealand (Cunningham, 1948) . The popularity of the grass and the dire need for a forage grass in the southeastern areas of the United States resulted in 'Kentucky 31' being officially recognized as a cultivar in 1972, Reg. No. 7 (Fergus and Buckner, 1972) . In the United States, fescue foot was described as early as 1950 (Pratt and Haynes, 1950) , and in succeeding years (Goodman, 1952; Maag and Tobiska, 1956; Merriman, 1955) . In these studies it was demonstrated that this grass did not have seed heads and associated ergot sclerotia, thus a species of Claviceps was not the cause. Although ergot fungi were established as not being present, several ergot alkaloid-positive compounds were isolated from toxic tall fescue (Trethewie et al., 1954; Maag and Tobiska, 1956) . The early findings of ergot alkaloids in tall fescue were very important, but scientists working on toxic tall fescue paid little attention to these two early reports. Fescue foot seems to be related to cold ambient temperatures, and it occurs in the northern areas of the tall fescue growing region or in winter in the southern region. A variety of causes was attributed to toxicity of tall fescue, and tall fescue's effects on cattle were finally defined physiologically by Jacobson et al. ( 1963) . This extended version of tall fescue toxicosis included both fescue foot and fescue toxicosis or summer fescue toxicosis. The latter aspect is very common; it occurs in both summer and winter, affects most cattle in a herd, and is considered the most economically important aspect of the toxicosis syndrome (Stuedemann and Hoveland, 1988) . Poor cattle performance on tall fescue is contrary to forage quality analysis of this grass, which indicated high forage quality . Fat necrosis, initially described by Williams et al. ( 19691, was distinguished as a part of this syndrome (Stuedemann et al., 1973) and apparently is correlated with high rates of nitrogen fertilization (Stuedemann et al., 1973) . The role of endophytes in fat necrosis and its relevance to the overall toxicity of tall fescue has not been established, although blood cholesterol concentrations and the elevated body temperature (Stuedemann et al., 1985) are similar to those observed in cattle grazing endophyte-infected tall fescue.
Several alkaloids were isolated from tall fescue, some of which proved to be biologically active. Perloline (Cunningham and Hertley, 19591, lolines (Robbins et al., 19721 , and butenolide from Fusarium trinctum (Corda) Sacc., a fungus associated with tall fescue (Yates et al., 19681 , were isolated and tested in cattle but with no definite conclusion as to their toxicity. Aspergillus terreus Thom was also associated with toxicity of tall fescue (Futrell et al., 1973) . The early period was also characterized by grass breeding and genetic developments, conducted primarily by R. C. Buckner, USDNARS, University of Kentucky, and D. A. Sleper, University of Missouri. Genetics and grass breeding were directed at determining inheritance of specific toxic compounds (Cornelius et al., 1974; Hemken et al., 1979) and to enhancement of forage quality (Buckner et al., 1967 Sleper et al., 1977) . Of course, improving germplasm and establishing new cultivars free of toxicity proved to be of limited use. However, such studies established the high inheritance of desirable agronomic characters in tall fescue, thereby providing the foundation for tall fescue breeding. These studies should prove valuable, providing the extrinsic antiquality factor is removed or modified. These toxicity, genetics, and breeding studies as well as the early observations by Pratt and Haynes (19501, Goodman (19521, Maag and Tobiska (19561, Yates (1962) , Jacobson et al. (1963), and Keogh ( 1973) are historically important because they explained, defined, and provided the foundation for modern work on endophyte-infected grasses. It is clear that the historic profile of toxic tall fescue did not include a fungal endophyte, although an endophyte was identified by Neill ( 194 1) in toxic tall fescue from New Zealand, but it was concluded that this fungus had nothing to do with grass toxicity (Cunningham, 1958) . location, a number of species of fungi were isolated, which served as the basis for grass toxicity studies. The fungi isolated from grasses in this pasture belong to the tribe Balansiae, and consisted of three species: Balansia epichloe (Weese) Diehl, B. henningsiana Moell, and Myriogensopora atrementosa (Berk. & Curt.) Diehl. These fungi are distinguished from the usual pathogenic and saprophytic fungi by being endophytic and are not virulent to their grass hosts. The 13 recognized species of Balansia are primarily associated with warmseason weed and rangeland grasses, often found growing in established pastures of tall fescue, contributing to the toxicity of tall fescue during the summer months. The number of important range and forage species serving as hosts for the Balansia species include such grasses as Agrostis L., Andropogon L., Eragrostis Beauv., Paspalurn L., Sporobolus R. Br., and Stipa
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Toxicological studies of these fungal species, conducted primarily by J. K. Porter, proved t o be the most important series of studies because they demonstrated that these Claviceps-related, but endophytic, species of fungi were toxic and possessed the potential for ergot alkaloid synthesis (Table 1) (Bacon et al., 1975 (Bacon et al., , 1979 Porter et al., 1979a) . It was further proved that the ergot alkaloids produced in vitro were the same as those produced inplanta and that these ergot alkaloids were of the clavine type. Such alkaloids, although toxic, are considered not as biologically active as the peptide forms. Historically, this group of fungi was first associated with grass toxicoses in cattle and goats in India (Nobindro, 19341 , and the nature of cattle toxicoses resulting from injesting on species, B. epichloe, has been demonstrated (Wallner et al., 1983) . 
aIsolated from older pot of green house-grown endophyte-infected tall fescue.
Tall Fescue Toxicosis: The Cause Defined
With the finding by Porter et al. (1979a1 that ergot alkaloid biosynthesis was conserved within the family Clavicipitaceae, tribe Balansiae, a search was initiated for a species of Balansia or similar endophytes in toxic tall fescue within this north central Georgia pasture. It was this hypothesis, not that expressed by an earlier review (Stuedemann and Hoveland, 1988) , that stimulated continued research into the nature of toxic tall fescue. The earlier review (Stuedemann and Hoveland, 1988) indicated that the driving hypothesis was knowledge of the report of Neill ( 194 1 ) of an endophyte in tall fescue. This was not the case, because this paper (Neill, 19411 , and other publications dealing with endophytes of fescues (e.g., Sampson 1933 Sampson , 1937 ) were made apparent after the discovery phase and only during the writing stage of this work in consultation with E. S. Luttrell, Dept. of Plant Pathology, University of Georgia, Athens. Knowledge of endophytes in this grass would have resulted in our publication of endophytes in tall fescue years earlier.
It was the finding of the Balansia endophytic species in warm-season grasses and the demonstration that Balansia species produced ergot alkaloids, and only these findings, that assisted in our subsequent formulation of a hypothesis based on the possibility of an endophyte in tall fescue. A 2-yr observation period of tall fescue in the Georgia pasture did not reveal a specific Balansia taxon on this grass, but the microscopic methods used to study host-parasite relationships with the Balansia fungi revealed that indeed a fungal endophyte was associated with toxic tall fescue. This resulted in the 1977 report (Bacon et al., 1977) suggesting that this endophyte was the probable cause of the toxicosis in cattle. Our initial report of this finding was first made in September 26, 1978 , at the 3rd Fescue Toxicity Conference held at the Southwest Missouri Center, University of Missouri, Mount Vernon, and chaired by R. F Barnes, National Programs for Forages, USDN ARS. This report was not readily accepted because it lacked cattle toxicity data. It was not until 1980 that our report was substantiated with the timely cattle grazing trials conducted by C. Hoveland and his colleagues at Auburn University (Hoveland et al., 1980) . These scientists incidentally has pastures located at the Black Belt Substation in Alabama, which were endophyte-infected and endophyte-free. The endophyte status of these two pastures was considered to be due to different planting dates (fall and spring). The endophyte in the spring-sown seed had died, resulting in a relatively endophyte-free pasture. The association of endophyte infection with tall fescue toxicosis has since been made by several others Hurley et al., 1981; Schmidt et al., 1982; Stilham et al., 1982; Monroe et al., 1988; McCann et al., 19921 , establishing that endophyte-infected tall fescue is toxic to livestock.
The initial report of the identity of the tall fescue endophyte was based on the work of Sampson ( (Latch et al., 1984; White and Cole, 1986a; White and Morgan-Jones, 1987a,b; MorganJones et al., 1990) .
Shortly after the reports of A. coenophialum in tall fescue, it was demonstrated in vitro that this fungus could produce ergot alkaloids (Porter et al., 1979b) that differed from those produced by the BaZansia endophytes in being the peptide type, and thus much more biologically active than the clavine type (Berde and Schild, 1978) . The major toxin produced in culture was ergovaline (Porter et al., 197913, 19811, a very rare ergot alkaloid. The toxin that caused perennial ryegrass staggers was isolated and identified shortly after the association was made between this grass with its endophyte (Gallagher et al., 1984) . Although it was shown in 1979 that the endophyte of tall fescue could produce the ergot alkaloids in culture, these toxins were not detected in planta until 7 yr following the report of an endophyte in tall fescue (Yates et al., 1985; Lyons et al., 1986) . Subsequently, ergot alkaloids also have been detected in endophyteinfected ryegrass (Rowan and Shaw, 1987) . The toxin responsible for tall fescue toxicosis is strongly suggested from the clinical signs in cattle as being due to the ergot alkaloids. Ergovaline is the major alkaloid produced in endophyte-infected grasses. Indeed, biological activity has been obtained from this alkaloid indicating that this toxin may be responsible for the effects observed in cattle (Solomons et al., 1989; Dyer, 1993; Moubarak et al., 1993) .
Not only was it important to identify the toxin, but equally important was recognizing and characterizing several aspects of tall fescue and perennial ryegrass toxicoses because such an approach should prove instrumental in defining a cure for these diseases (Hurley et al., 1981; Schillo et al., 1988) . The finding that reduced weight, reproductive efficiency, and milk production, low heat tolerance and reduced circulating prolactin and serum cholesterol made this aspect of fescue toxicosis the most economically devastating of all aspects of this syndrome (Everest, 1983; Stuedemann and Hoveland, 19881 , which served t o stimulate research interest and generate funds for continued research into the physiology of livestock affected with this toxicosis. For reviews of additional supporting data, see Garner and Cornel1 (19781, Yates (19831, Stuedemann and Hoveland (19881, and Porter and Thompson ( 19921, In addition to the purely toxicological aspect of the relationship, a summation of the agronomic characteristics associated with endophyte-infected and endophyte-free tall fescue has been discussed (Bush and Burrus, 1988; Pedersen et al., 1990) . Currently, immunological studies (Hill et al., 1994) aimed at preventing toxicosis in cattly are underway, which, if successful, might serve as a conclusion to such a complex story. Until this is achieved, the important research on forage management to prevent toxicosis in livestock should prove sufficient to alleviate this problem (Chestnut et al., 1991) .
Since the initiation of studies and, the publication of research conclusions in 1977 (Bacon et al., 1977) , several other research conclusions in the area of tall fescue toxicosis have been established (Table 2) . These research conclusions were selected on the basis of their significant impact in the areas of toxicology or endophyte biology. Thus, only those conclusions that first substantiated a research finding, as well as those that extended the initial research accomplishment and established it as being fundamentally sound, are included. Indeed, since 1977, the number of research papers published under the heading of tall fescueendophyte research has increased some 20-fold. Additional references on these subjects can be obtained from the reviews cited above.
Ecological Associations: Biotechnological Significance
The solution to endophyte-induced grass toxicity was obvious: remove the endophyte. 1943 1949 1963 1972 1975 1977 1979 1979 1980 1981 1982 1982 1985 1985 1986 1987 1988 1990 1992 'Kentucky-31' released as the ecotype 'G131' 1975 Bacon et al., 1977 Porter et al., 1979a Hemken et al., 1979 Hoveland et al., 1980 Schmidt et al., 1982 Hurley et al., 1981 Morgan-Jones and Gams, 1982 Johnson et al., 1982 Stuedemann et al., 1985 Yaks et al., Lyons et al., 1986 Monroe et al., 1988 Joost and Quisenberry, 1993 Tsai et al., 1992 ~ ~~ endophytes from tall fescue should result in increased livestock production because this grass is rated as having high forage quality. Endophyte-free grasses were easily achieved due t o the very interesting revelation that endophytic fungi died in seed beyond a 1-to 2-yr period under non-refrigerated conditions (Siegel et al., 1984; Rolston et al., 1986) . Cattle fed endophyte-free grass did not display any signs of toxicosis and had increased weight gain and improved performance (Hoveland et al., 1980; Schmidt et al., 1982) . The use of old seed enabled the large-scale planting of grasses, both perennial ryegrass and tall fescue, free of the endophyte. However, it immediately became apparent that endophyte-free grass, primarily perennial ryegrass, was preyed upon very heavily by insects, especially the Argentine stem weevil (Prestidge et al., 1982) . It was further demonstrated that in perennial ryegrass the endophyte imparted resistance to other insects (Funk et al., 1983; Ahmad et al., 1986) . The effects of endophyte infection on insect resistance in tall fescue and other grasses followed and were similar to those in perennial ryegrass (Clay et al., 1985a,b; . A major breakthrough in insect resistance was the isolation and identification of peramine, a toxin considered to be responsible for insect-deterring activity in several endophyte-infected grasses (Rowan et al., 1986) . A comprehensive study of the effects of several alkaloids of endophyte-infected grasses showed the complicated nature of the response, which was insect-dependent . These basic biological studies suggested that these associations of fungi with grasses are beneficial and should have biotechnological implications. Although these developments have very little direct toxicological implications for livestock, a discussion of these might assist in understanding the complex nature of grasses and their endophytes before a final recommendation is made.
Endophyte-Grass Interactions
The finding that endophytes were associated with many grasses, particularly Festuca species, as symptomless symbioses was important in that it indicated that the relationship was widespread, compatible, and not pathogenic Cole, 1985, 1986a,b; White and Morgan-Jones, 1987a; White et al., 1990; Nelson and Read, 1990; White et al., 1992) . Further, it implies that the fungi and grass coevolved, possibly quite early, into dependent entities that developed into mutualisms (White, 1988; Schardl and Tsai, 1992; Bacon and Hill, 1995) . Although there is no strong evidence t o indicate it, the coevolution of the two toward this remarkable mutualism might reflect the benefits of excessive defensive secondary metabolites produced by the fungus. The fungus provides defensive compounds, and the grass provides the fungus with protection, dissemination, and nutrients.
Early taxonomic work (Sampson, 1935 (Sampson, , 1937 Neill, 1941; Diehl, 1950) indicated that the identities of endophytes of grasses were difficult, especially because many do not produce sexual states that would morphologically place them among the ascomycetous family (Clavicipitaceae and relate them to the teleomorphic genus Epichloe of the tribe Balansiae. Assisting in this endeavor are studies of isozyme patterns (Leuchtmann and Clay, 1990 ) and molecular data (Schardl et al., 1991) . Schardl et al. (1991) used ribosomal DNA and related techniques to characterize nucleotide sequences among clavicipitaceous endophytes. The results indicated that there were similarities between ribosomal RNA of all Acremonium endophytic fungi, and that these species were phylogenetically related to, and are hybrids of, several other species of Epichloe (White, 1993) and E. typhina, the type for these ascomycetous choke fungi (Schardl et al., 1991; An et al., 1993) .
The endophyte E. typhina is heterothallic, producing the perithecial state of the choke disease only if there is an opposite mating type (White and Bultman, 1987) , which has relevance when grasses infected with it are targeted for use in turf-type situations. Heterothallism also has been found in other species of the Balansiae (White and Owens, 1992) . The marked variation in the production of ergot alkaloids by grass endophytes in culture Bacon, 1989; Christensen et al., 1991) and in planta (Bacon, 1989; Agee, 1992) indicates that the population of infected grasses consists of diverse individuals and suggests the very important probability that there is a non-ergot alkaloid-producing fungus that might contain desirable agronomic characteristics. The fungus alone was assumed to be responsible for variation, but the work by Hill et al. (1991b) who transferred common endophytes into common grass genotypes via a tissue culture technique (Kearney et al., 1991) indicated that the grass also influenced the amount of toxin accumulation. Therefore, the interaction resulting in ergot alkaloid accumulation is complex. The tissue culture procedure used to arrive at this conclusion has important implications in the biotechnological uses of endophytes for grass improvements because of the ease with which plantlets become infected.
EcologicallMutualistic Concepts
Demonstration that endophyte-infected grasses were toxic to insects was one more example of a defensive mechanism. As a result of the insect studies indicated above, and those of his own (Clay et al., 1985a,b; Clay, 19871, Clay (1988) described the grass-endophyte in terms of an ecological and defensive mutualism. The concept of defensive mutualism was also based and is strengthened by studies on the nutritional and competitive interactions between endophyte-infected and noninfected grasses (Pottinger et al., 1985; Kelley and Clay, 1987; Cheplick and Clay, 1988; Arechavaleta et al., 1989; Cheplick et al., 1989; Hill et al., 1990 Hill et al., , 1991a . Defensive herbivory is based on the production of secondary metabolites (e.g., peramine and ergot alkaloids), which strengthens the case for the coevolutionary significance to these symbiotic associations.
The ability of endophyte-infected grasses to withstand drought and heat was suggested from the work of Read and Camp (19861, who reported that endophyte-infected tall fescue survived drought, whereas most endophyte-free grasses died. This observation was explored by Arechavaleta et al. (1989) in one genotype of tall fescue in which it was shown that endophyte-infected tall fescue survived drought after an extended period, whereas its ramet died. This study also included the effects of drought on ergot alkaloid production in this clone of tall fescue (Arechavaleta et al., 1992) . Elmi and West (1989) and West et al. (1989 established that it was the ability of symbiotic grasses to develop low osmotic potential, primarily in young meristematic and elongating leaves, which enabled populations of tall fescue to remain stable during drought stress. The occurrence of drought tolerance in perennial ryegrass and Balansia-infected grasses is unknown, but the presence of adaptive mechanisms similar (Barker et al., 1983; Clay, 1984 Clay, , 1987 Saha et al., 1987; Cheplick and Clay, 1988) to those in endophyteinfected tall fescue suggests that drought tolerance might also exist.
We now have the capability of infecting grasses with endophytes either at the seedling stage (Latch and Christensen, 19851 , callus culture (Johnson et al., 19861 , or in somatic embryos of grasses (Kearney et al., 1991) . This approach should be useful for studies on transferring resistance mechanisms to turf grass species. The only barrier might be the host, especially if it is not a natural host for endophytes (Leuchtmann and Clay, 1989; Kearney et al., 1991) . In the case of a forage grass species, a primary concern is the desirability of transferring insect resistance without the livestock toxins. The conditions necessary for producing protoplasts (Leuchtmann and Petrini, 1990 ) and the genetic transformation of protoplasts of endophytes from perennial ryegrass (Murray et al., 1992) and tall fescue have been described. It was determined that the endophytes were readily transformed, and the transformants have been reintroduced into seedlings of their respective grasses (Murray et al., 1992) . Certainly, as the basis for more defensive mechanisms become known, additional endophytic transformants could be used to introduce foreign genes into grasses.
Implications
Within the 230 yr of tall fescue's cultivation, only recently has research indicated the origin, ecological relevance, and chemical nature of its toxicity. A knowledge of the basis for the association between this grass and its endophyte presents us with a paradox: How do we use both aspects of this mutualism for an agronomically sound and improved product? Currently, our knowledge of the variety of defensive chemicals, other characteristics such as nitrogen efficiency, drought tolerance, insect resistance, increased rooting and herbage yield, all of which have merit for biotechnological applications, is too general. However, these characteristics can be transferred to target grasses when the precise mechanism or reaponsible chemicals have been identified. Ultimately, the techniques initiated by the surrogate transformation of grasses combined with a knowledge of the defensive mechanisms should lead to the eventual development of the actual molecular modification of the genome of forage grasses, resulting in grasses tailor-made for specific purposes.
